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""All men dream; but not equally. Those who
dream by night in the dusty recesses of their ninds
wake in the day to find that it was vanity; but the
dreamers of the day are dangerous men for they
may act their dream with open eyes, to make it
possible. "
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FOREWORD

This report includes a series of advanced propulsion concepts

ated during the calendar year of 1970 under an in-house program ¢

"Project Outgrowth."

This report has been reviewed and is approved.

“Colonel, USAF

Commander, A. Ro Propulsion Labesratory

’

1

TR KR TIATatn

s

IZRY,

‘

i

K
il 1o o Ky




’

ABSTRACT )

A study was conducted by an ad hoc group within the &ir Force Rocket
Propulsion Laboratory during the calendar year of 1970 in an attempt to
predict the major propulsion developments that mzy occur in the next 30 to
40 years. This report evaluates th~ future of conventional chemical rock-
etry based on thermodynamic principles and revolutionary conceptual
approaches to system applications. A.dvanced concepts talling under the
general headings of Thermal Propulsion, Field Propulsion and Photon Pro-
pulsion are evaluated to a degree necessary to define their potential. 7This
report does not define a long list of very near-term technology program
subjects, but is designed to encourage and motivate talented and interested

scientists and engineers to once again strive for '"Advanced Propulsion
Concepts. '
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“INTRODUCTION

- , =

- - The near-term gains to-bs realized in-chémical »ocket propulsion

will come from evolufitu:ary imnprovements in propellants, packagmg,
efﬁc, ®ficy, ruggedness and system flexibitity, These individual improve-
_ments. ma,r be cornbined for specific apphcatmns to- nrod'.t.ce s1gn1f1cant
increases in range and/or payload capability., In a.adltmn, increéases in
 ser¥ice life with-Sttendant cost reductlons a¥e expected to be achieved
in-the next generation 5f missile systems. Much oi the -current Air
Force rocket propulsion technology program is structured to make these
potenual improvements a reahty within the next five to ten years, The
purpose of the study:contained in this-document, however, was to
identify and stimulate transitiohs.to. concepts beyond conventional chemical
rocket pro;zulsa.on iwhich,. if pursued; awould bring about substant1a1 step

mprovements in pro ‘Iusmn performance.

During:the calendar year ‘970, -an dd: hoc group within the Air Force
Rocket Pi‘bptﬁ.smx‘ LaBoratory*:(AFRPL‘ conducied a stidy of "Advanced
Propulsion: Concepts"xn an attempt to predict-the propulsion developments
and break*hroughs‘ that may-occur in the néxt 30-to- 40 years. Various
Government agencies, educational institutions, industries, and. mdlvu}uals
wére contacted and encouraged to submit inventions or suggestions in. ‘the-
area of propulsion and related sciences. Propulsion was broadly defined
as -anv technique for transmitting a mass from one point to another in an
aerospace environment. Contributors were encouraged to apply unrestricted
thinking in approaching the problem of propuision. The basic idea was to
re-establish the type-of free thinking ond rreativity that existed during the
late 1950s.and early 1960s, an inventiveness which to-a large extent appears
to-have been lost during more recent times.

The ad hoc committee operated under a self-imposed rule that
restricted its efforts to evolutionary chemical rocket concepts offering at
least a 25 to 30 percent improvement in propulsion capability. Ideas not
meeting this requ1rement but cffering immmediate potent1a1 to conventional
propulsion were promiptly passed on to Staff and Division Cffices within the
AFRPL for consideration as routine business. Most of the ideas qualifying
for committee action were sent to various individuals within the AFRPL
for study and analysis. Several ideas that were substantially outside the
technical charter or province of the AFRPL were sent to supporting
research laboratories such as the Air Force Cambridge Research Labora-
tory, the Air Force Aerospace Research Laboratories, and the Air Force
Office of Scientific Research, for analysis. Ideas that had a good possibil-

ity of materially advancing the current state of the art in propulsion were
evaluated with a greater degree of thoroughness. To this end, a number of
studies involving analysis and experimentation were either made under con=-
tract or conducted within the AFRPL. -~
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A dual approach was taken-by the ad hoc group. One portion of-the
effort was- de eted to a review of ’che mherent hrmtatzons of chemmal energy

This work also set a basehne agamst
’ced concepts could ‘be- Lompa.red Ideas concerned with chemi-
3 ,ally fell into one of two-general catﬂgones. Rocket propel-

oked in this area. Various novel ideas involving rocket sys-

tems: and -components were examined-in an attempt to alleviate one or more

of the: mherent limitations of chem.n:al rock=ts.

Advanced concepts, the second portion of the study cons1stmg of pro-
pulslon‘techn'ques involving energies. other than chemical, fell into two
general categories. Included under-what: :might be called ""Unknown Sciences!
fell-the conci pt'of psychic forces of which psychokinesis iliustrates the
exten to- w ch our unrestricted-thinking was applied. This category of

iscussed briefly.in ppendix I.. The second-catégory entitled
1cepts'-covers.all-those ideas which are governed by ihe
hysms ‘and science.. This category is presented in Part I

of this. re—port -and:is further subdivided into groups reflecting certain cper-

ational characteristics. "Thermal Propulsion" is characterized by the
h\.atmg of a working fluid to high-temiperature, and expanding it through a
nozzle. In.addition to ehenucal rockets, a number of nuvlear, laser, and
electrothernial rocket concepts generally fall in this group. 'Field Propul-
sicn' utilizes electric, magnetic, or gravitational fields to achicve a thrust.
These fields may produce a force by the acceleration of propellant mass or
interaction with available environmental fields. '"Photon Propulsion’ con-
sists of concepts utilizing light or electromagnetic energy. Under "Unique
Concepts' were placed ideas that were not easily categorized by previous
definitions. In Appendix I are a number of ideas excluded from in-depth
study for the various reasons stated,

The ideas presented in this ruport do not all warrant the izbel,
"Advanced Propulsmn Concepts, ' and by no means should they be regarded
as encompassing all possibilities. They do, however, in our opinion, rep-
resent some of the most interesting. The depth of analysis was limited to
that required to define a concept's potential. The AFRPL's objective -vas
not to prescribe a long list of very near-term technology prograrr subjects,

“but to encourage and motivate talented.and interested scientists and engi-

neers to once again strive for ""Advanced Propulsion Concepts'' that are
envisioned.for-use 30 to 40 years into the futur..
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CHAPTER I-1

INHERENT LIMITATIONS OF CHEMICAL ROCKETRY,

In the search for new and advanced propulsion concepts, it seems
appropriate to pause and cunsider in some detail the natural ard physical
limitations of conventional chemical ruckets. By a review and understand-
ing of inherent limitations, it may be possible to identify and develop new

chemical propulsion concepts that otherwise would not have been conceived.

THERMODYNAMIC LIMITS

The chemical rocket engine is a heat engine subject to the laws of

_thermodynamics. The '"ideal' thermodynamic process for a chemical

rocket converts all the heat of combustion into kinetic energy of the
exhaust gas. Unfortunately the laws of thermodynamics are not concerned
with the physical method employed to accomplish the acceleration of the
gas to its ultirnate velocity. In addition, thermodynamics may be used to
define the optimum situations. The First Law of Thermodynamics relates
the rocket exh:aust velocity or gas kinetic energy to the specific impulse
which has traditionally been used as a performance yardstick in comparing
the propulsion pétential of chemical propellants. The ideal conversion of

heat to kinetic energy is defined by:

A\
I.sp =—= = Z;T_ (hc - he)
Ec :gC

where V is the exhaust velocity of the gas or products of combustion, g_
a proportionality constant, J the mechanical equivalent of work, and the
term (hc—he) is the enthalpy or energy change occurring between the com-
bustion chamber and the exhaust conditions. This energy term is equiva-
lent to the energy available from the combustion of propellants. Letting
the maximum available energy (Ahr) of a propellant combination be the

energy available from an isothermal reaction at 298°K, and assuming all

I-1
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‘this energy can be converted into kinetic energy (the temperature of the
exhaust products is 298°K), a thecretical limit of Isp can be computed
from standard thermodynamic tables. The relation between specific

impulse and chemical energy in metric units may then be reduced to:

Isp = 9.33 "Ahr

where Ahr is the gravimetric heat of reaction in calories per gram at
298°K, and the specific impulse is, as is comxmor practice, based on
weight rather than mass. This equation represenis the ideal situation.

It expresses the theoretical equivalence of euergy and specific impulse.
Accordingly, this relationship indicates that chemical combinations

should be optimized for maximum enezgy to achieve the highest theoretical
specific impulse. This equation this establishes the maximum theoretical
performance limitation for chemical reckets and provides a baseline for

predicting possibie perfermarce gains.

Since the gravimetric energy release precisely defines the theoretical
limit of specific impuise, it is of interest to review the available energies
from both commor and exotic chemicals. The review should determine
where among the elements of the periodic chart high-performance fuels
and oxidizers may be sought, and approximately what the upper limit of
specific irnpulse should be. It is emphasized that the heat of reaction is
the difference in heats of formation between products and reactants, with
the greatest effect coming from the product. Table I-1 shows the gravi-
metric heats of formation of Group I, II, and III elements listed in increas-
ing order of molecular weight. The steady drop in energy per unit mass
indicates that little of use exists below the first two periods. A similar
trend exists for fluorides, chlorides and nitrides, the only other elements
sufficiently electronegative to consider as oxidizers. Aumittedly, approxi-
mations have been made to show the usefulness of this table; however, the

strength o. the trends it reveals must impress even the most open mind.
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TABLE I-1. GRAVIMETRIC HEAT OF FORMATION

Ca0
Sr0
Ba0
Group III:
Cxide
BZ 0
Al 2O 3

Ga203

273

Atomic No.

3

11

19

37

55

Atomic No.

4
12
20
38
56

Atomic No.

5

- 13

31

49

Heat of Formation (cal/gra)

Heat of Formation (cal/gm)

-5720
-3570
-2710
-1370

-870

Heat of Formation (cal/gm)

-4340

-3920

-1380

-8G0
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This table does not indicate second order effects ‘vhich can occasicmally
change the relative standing of particular elements. For example, a high
heat capacity or heat of fusion, or a tendency to vaporize can limit the
combustion:temperature. The requirement of high energy per unit mass
limits the usable elements for propellants to approximately 10 percent of

the periodic table.

. A compariscn between the "theoretical" rocket performance calculated
for gases expanded through a nozzle with the ideal performance of conven-
tional propellants gives some indication of the possible performance
improvements available. A number of typical rocket propellants are listed
in Table I-2 with their corresponding gravimetric energy, calculated
theoretical specific impulse, the ideal specific impulse and a compgrison

between theoretical and ideal impulse (peréent efficiency).

It {s clear from this table that within the atmosphere, these propellants
are inherently capable of much higher specific impulse. However, in
space or at high altitude the performance gap is not so great. Delivered
performance has not been considered. The nerformance numbers in this
tahle are based on calculations. A delivered specific impulse which is
lower than that calculated wiil obviously show a greater performance gap
than illustrated in Table I-2. The more exotic propellant combinations,
such as ozone/beryllium or fluorine/lithium, are examples that illustrate
the most energetic chemicals known. This, of course, does not include
metastable chemicals which are covered separately in this report. If a
technique could be devised for efficient conversion of the chgrﬁical energy
of these propellants to kinetic energy and thrust, improveraents up to
24 percent over cxygen/hydrogen might be realized. It/{s important to
recognize the effect of the square voot function invol;%ng the propeilant

energy. At greater propellant energies, the rate 4f increase in specific

impulse is less, and may discourage the costly/development of ncw pro-

pellants while offering small increases in chemical energy.
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In an ideal sen.e, high specific impulse is associated only with the
requirement of high energy per unit weight while the conventional use of
adiabatic expansion of combustion products through nozzles imposes a
turtber requirement on the nature of the exhaust products (in terms of
low molecular weight, proper specific heat and chemical equilibrium
considerations). The requirement for specific properties in the exhaust
combustion products is self-imposed by the nature of the machine and is
not a theoretical requirement relating impulse and energy. If alternate
conversion schemes and equipment could be devised to make use of chemi-

cal energy, substantially higher specific impulse could be achieved.

SYSTEM LIMITATIONS

The critical process in the operation of a chemical rocket engine
occurs during the combustion process. This event initiates the thermo-
dynamic processes which make a chemical rocket function. | During the
combustion process, energy is effectively liberated from the propellant
reactants and transferred as heat to the combustion products which are
expanded through a nozzle. Theoretically, it is desired that the pressure
ratio approach infinity. Over the last decade, significant performance
gains have been achieved by using higher pressure ratios obtained from
higher chamber pressurcs and improved neczzle expansion ratios. The
sensitivity of the theoretical specific impulse to the pressure ratio is
significant. As the pressure ratio increases for a given chemical compo-
sition, the ''theoretical' rocket specific impulse approaches asymptoti-
cally the "ideal' thermodynamic limit. This effect can be seer in the

data presented in Table -2, To illustrate this point further, the theoreti-

"cal specific impulse of a common explosive material "PETN" (pentaerythri-

tol tetranitrate) was evaluated as a rocket propellant under the following
conditions: (1) The chamber pressure was fixed at 1, 000, 000 psi and the
exbhaust conditions were varied to lower and lower values until a pressure
ratio of 1,000,000 to 1 was reached, and (2) the chamber pressure was
allowed to increase incrementally with a fixed exhaust pressure of sea

level until the pressure ratio reached 1,000,000 to 1.

-



The two cases showed minor differences in specific impulse values at
the lower pressure ratios, but essentially the same values of specific
impnlec were calculated at the higher pressure ratios. The theoretical
specific impulse values from Cas~ 2 are liste‘d: and plotted in Fiqure I-1 to

show the relationship between specific impulse and pressure ratio. Iti-

~ apparent that at pressure ratios above 100, N00 to 1, the expansion charac-

teristics and molecular weight of the exhaust spec1es have little infiuence
on the specific impulse for this propellant. T‘iis trend implies that if
rockets could se operated at these very high pressure ratios the propellant
combinations could be optimized for maximum energy and substantially

greafler impulse,

’
w

The fact that combustion and expansion of a hot gas takes place in the
presence of 'solid structures ultimately limits‘;fthe maximum obtainable
pressures and temperatures in a chemical rocket. In liquid rockets, the
principal limitations occur in the areas of heat transfer and turbomachinery.
With increasing chamber pressure, the heat flux to a constant temperature
wail increases due to a larger gas-side film coefficient. At very high
chamber pressures, the heat 1lux to the wall may exceed that which can be
conducted through the wall and carried away by one of a number of conven-
tional cooling techniques. Tu:bomachinery in liquid systems is used to
pump the propellants to the high injection pressures required., By one of
several techniques, power for the pumping function is obtained from a
small percentzge of the total propellant flow. As chamber pressures are
incréased, the power required to drive the pumps increases rapidly,

This parasitic effect at high chamber pressure results in an attendant
performance loss. Liquid rocket nozzles for specific applications have
area ratios selected as a result of various trade-off considerations,
including nozzle performance loss below design altitude, nozzle weight
and vehicle base drag. By using altitude compensating nozzles, perfor-
mance losses from the design point compromise inay bic reduced.

In solid rockets, where high chamber pressure mav be sought solely

in order to achieve higher specific impulse, additional rhotor case weight

-7
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is required to contain this pressure. The added weight may result in a
net vehicle performance loss as measured by terminal velocity. For
solid propellant systems, chamber pressure is also a design variable
which permits adjustment of propellant burning rate independent of some
other system variables. Hcnce, the grain shape and, ultimately, the
maotor configuration are affected by chamber pressure. The nozzles used
for solid rockets generally possess no pr sisions for active cooling or
altitude compensation. For most propellant combinations, refractory
materials and ceramic or plastic liners are used to handle the associated
heat fluxes and thermal stresses. The practical consideration involved
with storage of an oxidizer/fuel combinaticn in intimate contact further
dictates limits to material selection. “Thus, ior exrremely long burning
durations, utilization of high-energy prcpellants, or operaticn at high

pressures, chainber and nozzle cooling remain a limiting factor.

ENERGY CONVERSION EFFICIENCY OF A ROCKET

Many different methods can be used to evaluate the ¢nergy conversion
efficieacy of a rocket machine. However, it seems of most interest to
compare the proportion of energy represented by the mass of chemical
propellant that is transmitted to increase the velocity of 2 payload mass.
A chermical rocket propulsion system serves as a transportaticn system
to move a useful package of given mass to a specific velocity or to a
definite destination. The propellant weight and its gravimetric energy
release defines the total on-board energy available for the mission. A
significant portion of the energy is converted to heat and exhausted over-
board with the combustion products. Only a portion of the energy is
converted to work and an even smaller {raction is converted to useful
work in transporting the desired payload package. Typically,

10 to 15 pe.cent of the availabie chemical energy in a rocket is converted

into kinetic energy of the payload mass regardless of whether a three-stage

ICBM system or a small tactical rocket is considered. The energy
conversion efficiency of a chemical rocket is compared to typical
efficiencies outained in other energy conversion processes in Table I-3.
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TABLE I-3. TYPICAL ENERGY CONVERSION EFFICIENCIES

Device Conversion Process % Efficiency

Fuel Cell Chemical to electrical 100
Electric motors Electrical to mechanical 85 to 90
Guns Chemical to projectile kinetic energy 30 to 35
Automobile Chemical to crankshaft work 30
Rocket Chemical to payload kinetic energy

Fluorescent light Electrical to light

Incandescent light Electrical to light
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CHAPTER 1-2. RCCKET PROPELLANT IDEAS

The following six concepts are representative of the continuous
search for a quantum performance advance in the fields of conventional

propellant chemistry and combustion technology. If successfully developed

and demonstrated, some of these concepts would place us near the limit

of chemical propulsion perfermance capability using traditional rocket
propulsion, thermodynamic cycles and components. Previous attempts

to tame these concepts have, however, met with a singularly negative

b

response {rom Nature. We can only surmise that a barrier has been

e [T

encountered or that our usderstanding of the underlying principles awaits

further illumination,




~ Title: Liquid-Ozone

Concept: Liquid ozone or mixtures of liquid ozone-liquid-oxygen would be

*

used as the oxzidizer in.chemical rockets.

Attributes: As an oxidizer with any given fuel, ozone provides the
maximum gravimetric energy ralease, With hydrogen, in particular,
ozone theoretically provides the highest performance of any known chemical

oxidizer. The inherent increase in specific impulse and density impulse

obtained by tlie use of ozone in rocket systems is ultimately reflected by
an increase in payload or AV capability. In addition, ozone should, at

_ proper concentrations, provide hypergolic ignition with most fuels.

Analysis: The first serious consideration given to the use of ozone as a
liguid rocket propellant was given in a German report (Ref. I-1) by
Sédnger and Bredt in 1944, They, in describing 10 years of research and
analysis of liquid rocket propulsion, reported that with octane as a fuel,
ozone. gives a 10 percent increase in theoretical and effective exhaust
velocity beyond that of liquid oxygen. In this discussion, they report the
work of H, Schumacher (Ref. I-2 and I-3) in Frankfurt who had carried
out a considerable experimental program to assess the applicability of
ozone to rockets. Although Schumacher's work was done prior to 1944,

it was not published until 1953. It was in Schumacher's work that the
mutuaii ncni-miscibility of the ozone-oxygen mixture originally reported
by Reisenfeld and Schwab (Ref. I-4) was confirmed and the limits of

the two-phase region were determined. In the words of Schumacher,
t[Liquid mixtures containing up io 25 percent by weight of ozone are stable
at -183°C and appear to be safe from explosion. Therefore, they are of ¥
importance for technical use. Mixtures between 25 and 55 percent ozone
are not stable and split into a light phase, <25 perceni ozone, and a heavy
phase, >55 percent ozone. Since mixtures containing >55 percent ozone

are in danger of expioding, they are without immediate technical value, "

1-12




EM:ore recently, the study of the physical properties of liquid ozone
-and ozone-oxygen solutions has been the subject of a number of investi-
“-gations, “These works have been reviewed in &etail by Hersh (Ref. 1-5).
-‘Some of the more important properties of liquid ozone compared with
‘liquid-oxygen are given in Table 1-4, .

\
TABLE 1-4, PROPERTIES OF OZONE AND &_)XYGEN

.
]

Ozone Oxygen
Formula o, o,
Molecular Weight 48 32
Boiling Point, 'K 161.3 90, 24
Freezing Point, °K 80. 5 54. 8
Density, g/cc at 90°K 1. 5714 1. 142
Surface Tension, dynes/cm at 90°K 38.9 - 15,2
Viscosity, cp at 90°k 1.57 0. 189

The liquid ozone-oxygen system is not homogeneous over the entire
temperature~-composition range. The consclute temperature is 93°K,
above whicn they are completely miscible. IHowever, below this tempera-
ture phase separation occurs. In 1955, it was discovered that a low

concentration ¢f Freon-13 and CF Cll, of the order of 3 to 5 percent,

3
added to ozone-oxygen solutions completely eliminates the two-phase
regions. Thus. it became possible to handle these solutions without the

dangers which would attend the separation of an ozone-rich phase,

The only definitive work which has been reported on the experimental
determ.ination of the performance of liquid ozone systems was carried out
in-oxygen for various ozor.e concentrations up to 25 percent in an uncooled
-motor by Princeton University (Ref 1-6). The expected improvement in
effective exhaust velocity, 2 percent for the maximum loading of 25 percent
ozone was actually obtained. In fact, an additional increment of

‘1 or 2 percent beyond the expected values was actually measured.

_— I-13
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This effect was presumed to be due to the improved combustion efficiency
seen in ozone systems. The use of ozone/hydrogen systems for space
missions offers significant potential. Shown in Table I-5 is the performance

potential of several combinations.

TABLE I-5, PERFORMANCE OF THE GZONE-OXYGEN SYSTEM
WITH HYDROGEN (LIQUIDS)

Gravimetric
Mixture Heat Release Theoretical Isp Ideal
Ozone, % Ratio (cal/gm). 100014, 7/.2 Isp
None (0—2) 4 3220 391/470 527
25 3.87 3750 398/473 571
45 3.50 3880 404/479 581
100 (03) 3.50 4236 422/501 607

Studies conducted by NASA showed that low concentrations of ozone
S weight percent) in oxygen are hypergolic with many fuels, Hydrocarbons
were extensively tested; however, no real ignition tests with liquid

hydrogen were carried out.

In 1959 (Ref. I-7). the investigation of the physical properties of the
liquid vzone-fluorine system was started. Part of the motivation came
from the calculations of Huff and Gordon (Ref. I-8). Their study indicated
that with a JP-4 fuel, the performance with an ozone-fluorine system
maXimized at 30 percent ozone. The vapor pressure studies were in good
agreement with theory. They indicated, as theory predicted, that mixtures
of ozone-fluorine were homogeneous over the entire composition range
and that stable solutions existed over the range of temperatures studied.
All of the phyrical property data for the ozone-fluorine srstem indicate
no unusual deviation. While no high-order decomposition was noted,
experiments at 30°C showed that fluorine was a catalyst for the thermal

decomposition of ozone, Altaough the point of significant decomposition

i-14
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of ozone in the presence of fluorine was not determined, it was reported

to bé"l‘)'eio;&:'zi-ooxn temperature (ZSOC). Thus, to maintain composition,

the liquid mixtures must be kept refrigerated.

The Air Reduction Company (Ref. I-9) used autodecomposition
temperature (ADT) tests and shock tube tests to study the sensitivity
of ozone solutions. In addition, they made studies on the critical diameter
for the detonation of liquid ozone soluticns. Some interesting results of
the' ADT experiments are worthy of mention. The effect of the presence
of oxides of nitrogen on the sensitivity of ozone solutions had been deb..ted
but never resolved. The ADT experiments showed thut these impurities
k(up to 600 ppm) do not affect the sensitivity of ozone solutions. Similarly,
the distillation of the ozone prior to a test does not affect the results.
The ADT test did show a significant break at about 55 percent ozone in
oxygen which agrees with the previous discussion. Air Research also
reported that the addition of fluorine did not alter the results of their
ADT tests at similar ozone concentrations., Thus, ozone-fluorine

mixtures were equivalent to oxygen-fluorine mixtures. Most significant,

however, was their discovery that the addition of 8 to 10 percent
fluorine homogenizes the ozone-oxygen system. Thus, it is possible to X
ensure aga: st phase separation with a high-energy additive instead of
an inert freon. The critical diameter and U-tube tests indicated that
the system, 10 percent F2/40 percent 03/50 percent O,, could be
considered as a candidate oxidizer to upgrade performance and reduce i
the problems attendant with pure fluorine systems. Some interpolated
valvues for ozone-oxygen mixtures containing 10 percent fluorine are
shown in Table I-6. It is interesting to note that the 10 percent FZ/

5C percent 03/40 percentO2 system with hydrogen is ''theoretically’ only
one second lower than the fluorine-hydrogen combination of 410 seconds

and three seconds bette than 45 percent ozone in oxvg: a.
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TABLE I-6. PERFORMANCE OF OZONE-OXYGEN MIXTURES
CONTAINING 10 PERCENT FLUORINE
WITH HYDROGEN FUEL (LIQUIDS)

Mixture Gravimetric Theoretical Isp Ideal

Ozone, % Ratio ., Heat Release (cal/gm) 1000-14.7/.2 Isp
0. 4.2/6.0 3893 393/471 582
30 4.2/5.8 4107 402/484 598
50 4.2/5.8 4250 408/492 608
60 4.0/5.8 4321 412/496 613

Other ozone systems have been investigated (Ref. 1-10). In particular,

the ozone-oxygen difluoride system has shown promise. The viscosities,

densities and surface tensions showed no deviations from expected values.
Tke vapor pressure indicated, as was the case with fluorine, that the
ozone-~oxygen difluoride system is completely homogeneous. No
sensitivity measurements have been made, but no unusual hazards were
noted. Therefore, it appeared, at the very least, that ozone could be

used to upgrade the performance of either fluorine or oxygen difluoride.

The preparation of pure ozone and czone-oxygen solutions in sizeable

quantities for rocket applications has been studied in detail (t.ef. I-11 and

1-12). The report indicates that attention must be given to the complete
removal of organic matter from the oxygen used. This allows the produc-

tion of ozone solutions with very high stability., The production and

handling systems must be scrupulously cleaned and passivated prior to use,
Passivation is accomplished by passing ozone-oxygen gas mixtures

through the system while slowly increasing the ozone concentration. In

1957, an in-depth study (Ref. I-13) of a compiete plant layout together with
operating costs and material balances resulted in a projected cost of

18 to 20 cents/pound of liquid ozone. Receni commercial ozonators of

more efficient design could reduce this figure only slightly.

1-16
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Shortcomings: The overriding consideration of liquid ozone and its

potential use in rocket propellants is its sensitivity toward detonation.

Much-experimental work has been carricd out on this subjeci.. However.

little has been resoived. It has been shown that the reduction of organic

impurities in oxygen markedly improved stability. But there is really no

fundamental understanding of the sensitivity of iiquids or solids toward

"

detonation. As a result, there is no sensitivity test to predict the behavior

of ozone or ozone-type systems under field conditions. Much work has

been carried out to find a "magic!' additive which will desensitize ozone.

Such work is highly questionable until an understanding of the sensitivity

is obtained.

Conclusions: The use of ozone in low concentrations to provide

hypergO‘licity to the liquid oxygen/liquid hydrogen combination can certainly

be considered feasible in 5 years. The use of a higher concentration

(25 to 35 percent) with some freon additive to provide periormance

increases will probably be feasible in 15 to 20 years. The use of ozone

in low concentrations with other oxidizers like fluorine and oxygen

difluoride should also be considered feasible in the near future. Higher

concentrations of liquid ozone will need much more research and sensiti-

vity testing before a fair amount of potential can be realized.

Recommendations: The technology is sufficiently advanced so that

small-scale development efforts utilizing mixed oxidizers containing

ozone could be initiated. Programs could be outlined to investigate ozone

sensitivity, phase properties of ozone mixtures, ignition and combustion

characterisitcs of ozone mixtures with hydrogen, and production and

3 handling procedures for producing ozone and ozone mixtures. However.

the difficulties and complexities of ozone and its development as a rocket

propellant must be considered in light of the performance gains availzble,

the time p\eriod required for development, and the ifunds available. Under

A AN ¢




present circumstances, it appears more expedient to rely on the

well-proved propellants and systems within the inventory than to embark
on a new, expensive, and moderately high-risk program to develop

ozone-based oxidizers for rocket engines.
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Title: Stultene

Concept: A stable organic compound, N6’ can be synthesized.
cjéxfnpdund would decormmpose to give three molecules of nitrogen (N2)_. and

would be used as a_nionopropellant or gas generator. -

Deéscription: Stultene is envisioned as a symmetrical, six nitrogen atom

structure similar to the six carbon atém structure of benzene.

- Attributes: Stuitene Ppromises to be an extremely high-density

mgnéprdpéliént,bffje‘ring—ch’efnfx‘calf é:riérgies and ultimately performance
far in excess of other state-of-the-art monopropellants. In fact, Stultene
could surpass the performance poténtial of most storable bipropellant
combinations.

Analysxs- The physical and chemical properties of stultene can be
‘estimzted based upon the properties of similar chemical compounds.
Benzene, a symmetrical, six carbon structure, has a density of

0.88 gm/cc and melts at 5°C. By the addition of two nitrogen atoms,
replacing two carbon atoms located symmetrically in the benzene
structure, l, 4 diazine' is formed with a density of 1.08 gm/cc and a
melting temperature of 55°C. Thus, the symmetrical addition of nitrogen
atom pairs into a benzene-type structure tends to increase the compound’s
density and melting point. Extrapolation of this trend to the complete

six nitrogen atom stultene compound gives a density of about 1.5 gm/cc
and a melting point anve 100°C. An estimate of the heat of formation

can also be made. It is expected that the heat of formation will be large.
Based on bond energies, the gravimetric heat of formation is estimated
-at 2975'ca1/gm. Molecular orbital calculations by Shell Chemical

(Ref. I-14) suggest that the gravimetric heat of formation is 1297 cal/gm.




Table I-7 illustrates the performance which could be expected from

stultene-as a monopropellant.

TABLE I-7, MONOPROPELLANT COMPARISONS OF STULTENE »

Gravimetric Calculated Isp Ideal
Compound- Heat.Release (cal/gm) (1000+14.7/.2) Isp -

HZO 405 165/192 188

_H. 833 : 216/264 269

1297 : : 2787326 336

2975 3967478 509

*3N, 1, ANE

2

Shortcommgs- Kmetxc argumenis suggest that stulténe would be extremly

unstablé. In- comparison, the décomposition of benzené té acetylene

regu1;es,—that— the "tz;;gqna.l" centers become linear. Thxs.lmear:zatxon

requires -considerable "steric! strain as two hydrogen atoms compéte for

the sameé-position. In stultene, however, the decompcsition requires-only

a molecular vibration and movement ofelectrone. Moléculatr calculations

(Ref, I-15) suggest that while thére would be significant resonance energy

in the ground state of stultene, the first vibrationaliy excited state has no

barrier to decomposition at all. At room-temperature, approximately

one percent of the molecules would be in the first vibf’ationally excited

state, and the exchange rate would be so rapid that within a few milliseconds

all molecules would have been in the first vibrational state and wonld have

decomposed. Only at temperatures at which no moleculés are in excited

states would stultene have any chance of being stable. Even the decom- - r

position of one molecule would provide sufficient energy to cause the

decomposition of several additional molecules, and thus, catastrophic

decomposition.




ility-could:be controlled at low temperatures,

have to- be used in a-solid form. This represents.serious: handl’rg g

and -storage problems, and probably prohibits its use as a- monopropellant.

%Cénclus"1ons~ ‘Although stultene is attractive from energy consicerations;
o:be a VEry unstable compourd If syhthgsié:of stulténe is

_possible, ;ff—iaggl-bes—:ata very low temperatures with enormous handling

problems.  At-best, it could-only be synthesized in very minute quantities:

Recommend txons- Enormots amounts of time- andamoney could be spe‘xt
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Title: Use of Nitrogen to Support Combustion

Conceg&: This corcept conceives the tailoring of propellants in
air-breathing systems to react with nitrogen. In any air-breathing
propulsinn divice driven by chemical heat release, a reaction zone between
the air flow and the fuel can be identifiad. This is particulerly evident

for an air-augmented rocket, pictured schematically in Figure I-2,
Considering the air-fuel reaction zone, the distinction between reactive
and inert nitrogen becomes clear. 1f atmospheric nitrogen is regarded

as inert, it enters the reaction zone as a diluent, reducing the temperature
in the reaction zone aud generally impeding sustained combustion,

Reactive nitrogen, which would combine with the fuel to release heat,

could drive reaction zone temperatures up and improve performance.
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Attributes: The potential benefits from reactive nitrogen are an increase

in combustion efficiency, the option of operating at increased fuel-to-air

ratios, and of course, the possibility of operation in predominantly nitrogen ;

extraterrestrial atmospheres. The resulting syst=m improvements include

reduction of inlet size to reduce drag and the extension of the air-breathing

flight regime to higher altitudes where the percentage of nitrogen increases.

LAY PEp—

Analysis: The prospect of increasing combustion efficiency by inducing

reaction with atmospheric nitregen is interesting. Candidate ingredients

of a fuel for reaction with nitrogen are reported (Ref. [-16) to be boron,

»

i

teryllium, hydrogen, magnesium, aluminum and lithium. Because of

Mol

the favorable heat release with oxygen, boron is a major ingredient of -
many existing fuels for air-breathing systems, Recent attempts to improve ‘
the combustion efficiency of borun fuels at low cornbustion pressures have

resulted in the addition of varying amounts of aluminum, magnesium,
magnesium-aluminum alloy and lithium fluoride with good results. It is

cunceivable that an intermediate reaction with nitrogen participated in the

improvement cf combustion efficiency; however, additional data are needed

§ bt

o

it

!

#

H

H

H

to support this hypothesis.
3

i

Unfortunately, most of the work which has been attempted to identify

nitride formation in air-breathing systems has emphasized detection of

boron nitride (BN:, It appears, however, that any BN fermed in the

i
combustor would have a very brief existence. A temperature of 1300°C §
is indicated (Ref. [-17) for BN formation form elemental boron. However, ;
it is also reported (Ref. [-18) that BN is oxidized rapidly by dry oxygen
and carbon dioxide (COz) at 7000C to form boron oxide (B.’.O3) and
nitrogen (NZ). Rapid oxidation of BN in moist air is reported to occur at
800°C. These findings suggest that any BN formea during cornibustion with

boronr will be rapidly convertad to B,0 Another renc t (Ref. 1-19)

3°
supporte this supposition further in that the combustion ¢!ficiency of BN

was found to be excellent at reduced pressures where the comnbustion

efficiency of elemental boron is falling off markedly.

1-23
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Any reduction in drag of air-breathing vehicles which might be

achieved by operating at increased fuel-to-air ratios implied by smaller
inlets is problematical. It was shown (Ref. 1-20) that vehicle drag is
relatively insensitive to inlet size because of compensating effects in

the boattail region., The ability to reduce drag by reducing inlet cize will
depend upon the geometry of the related vehicle and the specific design

point of the propulsion system.

Shortcomings: The likelihood that the fuel will react with oxyger in

preference to nitrogen does not appear promising. The affinity of the
tuel for oxygen creates little hope that reactive nitrogen will have a
chance to participate in the combustion process unless the reaction zone is

too fuel-rich.

" Conclusions: The possibility of achieving nitrogen enhanced combustion
cannot be completely ignored. Conclusive proof for or against this
concept is still lacking To establish the possibility of a nitrogen reaction,
it would be informative to conduct a limited numker of tests with existing
fuels to simulate an all-nitrogen atmosphere, If significant reaction is
noted, propellant tziloring (o enhance the amount nf reaction could then
be undertaken. Testing of the resultant formulation in air would then
permit a qualitative evaluation of the combustion efficiency attainable by

tailoring to a reactive nitrogen propellant formulation,

Recommendations: In the case of predominantly aitrogen atmospheres,

such as that believed it surround the planet Mars (Ref. j-16), the
propulsion requirements are likely to be identified well in advance of
the needed operational capability. It seems reasonable to assume that
there will be ample time for propulsion development after the definition
of specific mission objectives; and that, cornsequently, no development
effcrt need be expended prior to the definition of firm propulsion goals.
It is concluded that the most meaningf{ul potertial benefit of reactive

nitrogen in air-breathing propulsion systems is enhanced combustion
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efficiency of boron-based fuels, It is noted further that a small
experimental progran might determine the merit of tailoring fuels to

be rsactive with nitrogen, at leasl qualitatively.
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Title: Tripropellants

—angepf.: The performenée upgrading of certain high-heat-release

bipropellants can be achieved by using elemental hydrogen as a working
gas. The only important examples are beryllium-oxygen-hydrogen and
lithium-fluorine-hydrogen. Lesser iripropellants based on aluminum and
boron as fuels might be proposed, but these are not competitive with

bipropellants such as fluorine~hydrogen on a theoretical specific impulse basis.-

Attributes: The main attraction of the tripropellant concept is the high

theoretical specific impulse aiforded.

Deacription: There aré many elaborations of the tripropellant concept,
all of which solve in some measure the proklem of how to combust a fuel
which is normally a solid with a cryogenic oxidizer, and then inject a
cryogenic fluid as working gas. These elaborations include fluidization

of the solid beryllium i a stream of gassified hydrogen, gelling of the
beryllium in an organic liquid, formulation of the beryllium metal into

a solid propellant grain, and suspension of the beryllium in the liquid oxygen.
More direct methods are available for the lithium-fluorine-hydrogen

system, since lithium may be melted at reascnably low temperatures and

injected as a normal liguid fuel,

Analysis: The tripropellant concept derives its high performance from
the combination of the most energetic chemical reaction with the mest
Beryllium oxide has a heat of formation of

efficient working gas.
~-5720 cal/gram, which makes it the most energetic combustion product
known, Lithium fluoride follows closely with a heat of formation of

-5680 cal/gram. Neither product has the ability to transform this energy

into useful thrust since they are both nongaseous. At high temperatures,
some vapor products are formed, but ordinarily the expansion function is

served by gases produced from the rest of the propellant. The superiority
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of elemental hydrogen as a working gas is well known, and when the notion
of combining the high heat release of BeO or LiF with the expansion
efficiency of hydrogen was conceived, very high specific impulse systems
were discovered, Standard sea level and altitude comparisons are given
in Figures [-3 and I-4, The gravimetric energy release corresponding to

the two systems is 5253 cal/gm and 5145 cal/gm.

Flame temperatures are comparatively low in tripropellant systems
because of the large amount of hydrogen and this helps to minimize
energy-sapping reactions. The beryllium system fares better in this
regard since lithium fluoride melts and partially vaporizes at tripropellant
chamber temperatures, and the heats of fusion and vaporization are
substantial losses to the system. The main reason for the extra specific
impulse of the beryllium system is connected with these losses in the
LiF system. AFRPL efforts have concentrated on beryllium-oxygen

tripropellants because of the higher specific impulse.

These efforts have been directed t6 two main proble ns. These are
the physical problem »f introducing a solid fuel and two liquid fuels into
a combustion chamber, and the problem of low combustion efficiency
generally observed with beryllium. The additional problems of beryllium
toxicity and low system density characteristic of hydrogen are accepted
as inherent and only kear on the appropriateness of this combination in

a given application.

In surnmary, these efforts resulted in satisfactory progress on the
first problem, but fa